Staphylococcus aureus is a leading cause of bacteraemia, which frequently results in complications such as infective endocarditis, osteomyelitis and exit from the bloodstream to cause metastatic abscesses. Interaction with endothelial cells is critical to these complications and several bacterial proteins have been shown to be involved. The S. aureus extracellular adhesion protein (Eap) has many functions, it binds several host glyco-proteins and has both pro-and anti-inflammatory activity. Unfortunately its role in vivo has not been robustly tested to date, due to difficulties in complementing its activity in mutant strains. We previously found Eap to have pro-inflammatory activity, and here show that purified native Eap triggered TNFa release in whole human blood in a dose-dependent manner. This level of TNFa increased adhesion of S. aureus to endothelial cells 4-fold via a mechanism involving protein A on the bacterial surface and gC1qR/p33 on the endothelial cell surface. The contribution this and other Eap activities play in disease severity during bacteraemia was tested by constructing an isogenic set of strains in which the eap gene was inactivated and complemented by inserting an intact copy elsewhere on the bacterial chromosome. Using a murine bacteraemia model we found that Eap expressing strains cause a more severe infection, demonstrating its role in invasive disease.
Introduction
Staphylococcus aureus is a commensal bacterium that asymptomatically colonises the nose either permanently or transiently of ,60% of humans [1] . However, S. aureus is also responsible for a wide range of superficial and invasive infections that can result in significant morbidity and mortality [2] . The ability to cause such diverse afflictions is likely due to the huge number of different virulence factors that S. aureus expresses including toxins, adhesins, invasins and immune evasins [2, 3] .
Whilst most S. aureus infections are superficial and self limiting, bacterial entry into the bloodstream via wound infections or colonisation of indwelling medical devices can lead to bacteraemia [4] . This is, in itself, a serious condition that can lead to sepsis with the release of high levels of pro-inflammatory cytokines [5, 6] . However, one of the hallmarks of S. aureus bacteraemia is the frequent development of secondary infections such as infective endocarditis, osteomyelitis and abscess formation in organs and tissues [7] .
The process by which S. aureus leaves the bloodstream and seeds into remote sites is not fully understood and may occur via a number of very different mechanisms [8] . We recently demonstrated that the fibronectin-binding domain of fibronectin-binding protein A (FnBPA) is associated with endothelial cell invasion and bacterial penetration into the kidneys in a murine sepsis model [9] . However, whilst the vast majority of S. aureus isolates express functional FnBPs, the well characterised S. aureus strain Newman does not [10] . Although strain Newman contains both the fnbA and fnbB genes, each contains mutations that result in premature stop codons and truncation of FnBPA and FnBPB before the Sortase A recognition motif LPXTG [10] . As such, S. aureus Newman FnBPs are not anchored to the cell wall, and the bacterium does not bind fibronectin (Fn) [10] . It does, however, retain the ability to disseminate into the kidneys and form abscesses in murine bacteraemia models, suggesting that it possesses an alternative to FnBP-mediated dissemination [11, 12] .
Despite the lack of FnBPs, recent work has reported that S. aureus Newman is able to attach to and invade endothelial cells. This occurs via the Extracellular adherence protein (Eap), which is encoded by the vast majority of S. aureus strains, but not other staphylococci [13, 14] . Eap consists of 4-6 repeats of 110 amino acids with high sequence identity but doesn't encode the Sortase A recognition motif LPXTG [13] . Despite this, a proportion of secreted Eap attaches to the staphylococcal cell wall and mediates attachment to, and invasion of, host cells via a bridging mechanism between host and microbe [14] [15] [16] [17] [18] . Eap expression in vivo has been demonstrated by RNA and Western-blot analyses of S. aureus wound infections, as well as the detection of anti-Eap antibodies in patients [19] [20] [21] . Expression is strongly regulated by the two component signalling system SaeRS and to a lesser extent by Agr and SarA [22] .
In addition to its role as an adhesin and invasin, Eap also has immuno-modulatory activity. Secreted Eap binds to ICAM-1, blocking the adhesion of blood monocytes and T-cells to activated endothelial cells [23] [24] [25] . Although this is inherently antiinflammatory, the binding of Eap to ICAM-1 on the surface of peripheral blood mononucleocytes triggers the release of proinflammatory TNFa and IL-6 [26] . Despite structural homology to superantigens, Eap does not exhibit superantigen activity [27] [28] [29] . Although many studies have characterised the interaction of S. aureus with host cells, there is relatively little information on the role of the host immune response in modulating bacterial attachment and invasion and with Eap's dual activity as an adhesin and a immuno-modulator we hypothesised that it may be important in this aspect of disease.
Results

Eap Triggers TNFa Release in Whole Human Blood
We have previously shown that PBMCs secrete TNFa and IL-6 in response to purified native Eap [26] . However, whole blood is significantly more complex and we therefore sought to determine and quantify the effect Eap has on pro-inflammatory activity using whole human blood. Freshly drawn human blood was incubated with increasing concentrations of Eap. Concentrations up to 0.25 mg ml 21 failed to trigger significant release of TNFa ( fig. 1 ). However, concentrations $0.5 mg ml 21 triggered a dose and time-dependent increase in TNFa secretion ( fig. 1 ).
TNFa Promotes S. aureus Adhesion to Endothelial Cells in a Dose-dependent Manner
Eap has been shown by several groups to facilitate invasion of human cells. To determine whether increased TNFa levels affects this, we pre-treated cultured endothelial cell monolayers with the cytokine prior to the addition of S. aureus strains and measured bacterial adhesion and invasion. In keeping with previous work [39] , pre-treatment of endothelial cells with TNFa [1-5 ng ml 21 ] led to a dose-dependent increase in bacterial adhesion up to 4-fold at the highest concentration ( fig. 2a) . As described above, Eap (1-10 mg ml
21
) triggered TNFa release that reached concentrations of approximately 1-2 ng ml 21 ( fig. 1 ). Pre-treatment of endothelial cells with similar concentrations lead to enhanced attachment that was ,3.5-fold greater than untreated cells ( fig. 2a) . By contrast, TNFa pre-treatment of endothelial cells did not lead to higher levels of bacterial internalisation at any of the concentrations examined ( fig. 2a) .
Previous work has implicated FnBPA in S. aureus attachment to the endothelium [30, 31] . To examine whether this TNFa induced, increased attachment was equivalent to that mediated by FnBPA we expressed a functional fnbA gene in Newman and compared adhesion with and without TNFa. Newman expressing FnBPA bound endothelial cells at significantly higher levels than wild-type (WT) Newman alone ( fig. 2b ). However, this difference was abrogated when examining adhesion to TNFa-pre-treated cells; WT Newman cells bound equally well to pre-treated cells as WT FnBPA+ S. aureus ( fig. 2b) . Furthermore, the enhanced adhesion was not mediated by Eap; the eap mutant bound treated and untreated endothelial cells at similar levels to WT S. aureus Newman ( fig. 2c ). This demonstrates that Newman is able to bind efficiently to endothelial cells in the absence of FnBPA and Eap following exposure of endothelial cells to Eap induced levels of TNFa.
TNFa-enhanced Adhesion Occurs via a Mechanism that Involves Staphylococcal Protein A and Endothelial gC1qR/p33
To identify the S. aureus adhesin responsible for mediating the enhanced adhesion to TNFa-pretreated cells we examined the attachment of S. aureus Newman strains deficient in a variety of surface proteins (Eap, Spa, ClfA, Coa) or capsule (CPS) ( fig. 3 ). All strains bound equally well to untreated endothelial cells ( fig. 3) . However, the only strain that did not exhibit enhanced adhesion to TNFa-treated endothelial cells was the protein A mutant (spa) ( fig. 3) .
TNFa has been reported to up-regulate expression of a number of different receptors on the surface of endothelial cells, including gC1qR/p33, which has previously been reported to be a receptor for protein A [32] . To identify the molecule on the endothelial cell surface to which protein A was binding we treated endothelial cells with TNFa followed by antibodies against ICAM-1, Tissue factor (TF), Integrin subunits a5 and b1, Fibronectin (Fn) and gC1qR/ p33 (C1) and subsequently assessed the ability of Newman to bind the cells. Only antibodies against gC1qR/p33 displayed any significant inhibitory activity (18% inhibition, p = 0.04).
Complementation of the eap Mutation and Characterisation of Strains
A S. aureus Newman eap isogenic deletion mutant (mAH12) has been created and reported previously [16] . However, complementation of the mutation, by expression of eap on a multicopy plasmid has produced mixed results, often resulting in low levels of Eap expression as well as plasmid instability [16, 33] . To overcome this we introduced a single copy of eap into the geh gene on the chromosome of S. aureus Newman using a lysogenic bacteriophage L54a site-specific recombination system [34] . Plasmid pll39 containing the eap gene (plleap) was inserted into the L54a attB insertion site within the geh gene. An empty copy of pll39 inserted into the same location was also produced to act as a negative control. SDS-PAGE and Western-immunoblot analysis using polyclonal anti-Eap antisera demonstrated that S. aureus Newman wild-type and complemented strain mAH12(plleap) both expressed Eap and at similar levels ( fig. 4a and b) . By contrast, the eap mutant mAH12 and the complementation control strain mAH12(pll39) did not express Eap. There were no apparent differences in expression of other cell wall-associated proteins as a result of the eap complementation ( fig. 4a ). The insertion of plleap onto the chromosome of S. aureus appeared to be stable -after 10 consecutive sub-cultures of stationary-phase broth cultures in the absence of antibiotics the number of tetracycline resistant colony forming units (CFU) was identical to the total number of CFU within the broth. Further analysis revealed that 99% of colonies on the antibiotic free plate were tetracycline resistant, demonstrating the stability of the construct (data not shown). Furthermore, the integration of pll39 and plleap into the geh gene had no effect on bacterial growth rate ( fig. 4c) or production of cytolytic toxins as determined by a T-cell lysis assay (data not shown, [35] ).
Eap Enhances the Severity of S. aureus Bacteraemia
We hypothesised that the induction of TNFa during bacteraemia and subsequent enhancement of S. aureus attachment to the endothelium is likely to enhance disease severity. To test this we employed a murine sepsis model and assessed disease severity by monitoring weight loss over time. Previous studies using this model have shown a clear correlation between this marker and disease severity [9] . As expected, infection of mice with WT Newman resulted in a rapid weight loss that did not recover during the course of the assay and was significantly greater than that seen with the eap mutant at all time points (fig. 5 ). By contrast, infection with the eap mutant resulted in relatively modest weight loss that stabilised during the course of the assay ( fig. 5 , WT weight loss was significantly lower than eap, p,0.001 at day 7). As expected, the eap mutant strain containing the empty pll39 vector showed an almost identical weight loss profile to the eap mutant ( fig. 5) . However, complementation of the eap mutation with a copy of eap (plleap) resulted in similar, although less pronounced, amount of weight loss to that caused by WT Newman, demonstrating the successful complementation of the mutation and verifying the role Eap plays in this aspect of disease ( fig. 5 ).
Discussion
S. aureus bacteraemia and the subsequent development of metastatic S. aureus infections involves a number of different processes including immune evasion, adhesion, escape from the bloodstream, multiplication and abscess formation [2, 3] . Each of these processes involves several different host and bacterial factors. A previous study has indicated a role for Eap in the later stages of abscess formation following bacteraemia [12] . In this work we demonstrate that Eap is also important during the early stages of bacteraemia and present evidence of a novel role for Eap in attachment to the endothelium.
Eap is a multifunctional protein with immune-modulatory, adhesive and invasive properties. We previously reported its role in inducing the expression of pro-inflammatory cytokines, and here we quantified this and examined the effect this might have on bacterial-host interactions. In keeping with previous studies using isolated PBMCs, Eap strongly triggered induction of TNFa in whole blood. Previous work showed that Eap interactions with ICAM-1 was responsible for triggering TNFa release. However, the interaction of Eap with ICAM-1 also has anti-inflammatory activity via its ability to block leukocyte and T cell extravasation. Indeed, Eap has been proposed as a potential therapeutic agent in the treatment of autoimmune inflammatory disorders such as multiple sclerosis and psoriasis [24, 35] . However, the ability of Eap to induce significant TNFa release suggests caution should be applied when assessing its utility in patient therapy.
Eap is not the only S. aureus trigger of TNFa release. Cell wall components including peptidoglycan and lipoteichoic acid stimulate immune cells to produce TNFa, as do the secreted phenolsoluble modulins and delta toxin [36] [37] [38] . However, by contrast to the cytolysins, which are expressed in stationary phase, Eap is secreted during exponential-phase growth [21] . As such, the contribution of Eap to stimulation of TNFa production very likely occurs during a different phase of the infection to cytolytic toxins.
The release of TNFahas clear implications for the immune response to S. aureus, but it also has effects on the endothelial cells lining the blood vessels [39] . Attachment to the endothelium is a precursor to bacterial escape from the bloodstream and penetration into surrounding tissues [8] . Several studies have indicated a role for Eap in attachment to and invasion of host cells but the effect of inflammatory cytokines were unclear [15] [16] [17] [18] 39] . Our data shows enhanced S. aureus attachment to endothelial cells when pre-treated with levels of TNFa found to be induced by the exposure of whole blood to Eap, which is in keeping with other work [40, 41] . Surprisingly, despite previous work showing that Eap mediates S. aureus attachment to, and invasion of, endothelial cells [16, 17] it did not appear to mediate adhesion to either unstimulated or stimulated endothelial cells in our assays. It is possible that this is due to significant differences between the cell line used in this study and those reported previously.
In this study we identified the S. aureus surface protein responsible for the enhanced binding to TNFa pre-treated cells as protein A, and the molecule on the endothelial cell surface as gC1qR/p33. Whilst protein A is best known as an immunoglobulin-binding immune evasin, it also has the ability to bind other human proteins such as Von Willebrand Factor [41] . Previous work has also shown that protein A binds to the surface of platelets [32] . The data reported here is consistent with other studies where anti-gC1qR/p33 monoclonal antibodies have been shown in vivo to block S. aureus adhesion to endothelial cells treated with TNFa in a murine model, and to reduce S. aureus colonization of the aorta in a rat model of infective endocarditis [42, 43] .
Previous work [46] has identified gC1qR/p32 as a receptor for Listeria monocytogenes invasin InlB, indicating that this protein can support bacterial internalization. However, despite enhanced attachment of S. aureus to TNFa-pretreated endothelial cells, there was no significant increase in bacterial internalisation. There are three possible explanations for this. Firstly, the endothelial cell surface receptor mediating enhanced S. aureus adhesion is not capable of mediating bacterial internalisation. Secondly, the mechanisms responsible for S. aureus Newman invasion were not enhanced by TNFa pre-treatment and so were unable to internalise the extra bacteria attached to the cell. Thirdly, TNFa pre-treatment does increase invasion but also increases intracellular killing, resulting in no net difference in the number of viable intracellular bacteria. In keeping with this final possibility, previous work has shown that TNFa promotes S. aureus invasion of bovine endothelial cells via its effect on NF-KB but also promotes intracellular killing [44, 45] .
Our data suggest that Eap may play a role in disease severity during the early stages of bacteraemia when the bacteria first interact with the endothelium. Previous attempts to conclusively demonstrate the activity of Eap in vivo have failed due to an inability to restore the phenotype by complementation, which is important in bacteria due to the polar effects that can occur when constructing mutants, and how readily secondary mutations can occur elsewhere on the chromosome. In an attempt to address this problem we constructed a strain in which the mutation was complemented by inserting an intact copy of the eap gene in the geh gene on the chromosome, which is more stable than using a plasmid. To examine the role of Eap early in bacteraemia we used an in vivo murine bacteraemia model. We show that WT Newman causes a more severe infection than the isogenic eap mutant strain mAH12 during the first few days of infection. For the first time, we were able to reliably test the virulence of a complemented strain in in vivo assays by creating a stable, chromosomal eap complemented strain in the eap mutant strain mAH12 background. Virulence was restored in the complemented strain, confirming the role of Eap during the early stages of bacteraemia.
In summary, our data demonstrate that Eap is important for pathogenesis during the early stages of bacteraemia and identify a novel mechanism by which Eap might enhance attachment to the endothelium; Eap-triggered TNFa release in the bloodstream paves the way for systemic S. aureus infection by up-regulation of host receptor gC1qR/p33 on the surface of endothelial cells, which is targeted by protein A.
Methods
Ethics Statement
Approval for experiments using human blood was granted by the Bath Research Ethics Committee (NHS National Research Ethics Services, reference 08/H0101/18). Donors gave informed consent in writing prior to the commencement of any procedures.
All animal experiments conformed to the National Institute of Health guidelines and were approved by the Institutional Animal Care Use Committee at the Texas A&M HSC Institute of Biosciences and Technology. All surviving mice were euthanized at day 7 post-inoculation. Criteria for determining morbidity/ sickness in mice included hunched posture, decreased activity, ruffled fur and laboured breathing.
Bacterial Strains and Culture Conditions
A list of the bacterial strains used can be found in table 1. S. aureus was cultured in Brain-Heart Infusion broth (Sigma) for 16 h at 37uC in air with shaking (180 rpm). Bacteria were pelleted by centrifugation, washed by resuspension in PBS and centrifuged again before a final resuspension in PBS to OD 600 = 1.0. Bacterial CFU were enumerated on Tryptic-Soy agar plates. E. coli was grown in LB broth or on LB agar. Where necessary, tetracycline (3 mg ml 21 S. aureus/10 mg ml 21 E. coli) was included in the medium.
Introduction of eap onto the Chromosome of S. aureus Newman Deap (mAH12)
The eap gene and flanking DNA including promoter and RBS was amplified from wild-type S. aureus Newman (NC_009641) using primers EapF (59-TGGAGGATCCTGTTTTTTGAGTA-TAAAGATGCTG-39) and EapR (59-TGGACTGCAGATTA-TAGAACACAAATTCATTTGAAA-39) designed to include BamH1 and Pst1 restriction sites respectively (underlined). These were used to ligate the amplified DNA into plasmid pll39 [33] to create plleap. Ligation reactions were transformed into CaCl 2 competent E. coli DH5a and transformants selected for on LB agar containing tetracycline. Plasmid plleap was recovered using a Qiagen miniprep kit, checked by DNA sequencing, and transformed into S. aureus RN4220 by electroporation. Tetracycline resistant colonies were examined for integration of plleap (or pll39 only, which was employed as a control). Because pll39 can integrate into 1 of 2 sites, its location was determined using PCR as described previously [34] . A matched isolate containing pll39 integrated at the same site as a selected plleap containing isolate was selected as a control strain. The integrated pll39 and plleap were transduced into S. aureus strain Newman using phage 11 as described previously [47, 48] . Transductants were examined for pll39 or plleap by PCR and phenotypic characterisation was performed as described below.
Analysis of S. aureus Surface Proteins
S. aureus surface proteins were analysed as described previously [8] . Protein concentrations of supernatants were determined using the Bradford assay and 20 mg subjected to SDS-PAGE analysis on a 10% acrylamide gel, which was subsequently stained using EZblue (Sigma). Separated proteins were also blotted onto nitrocellulose membrane, which was subsequently blocked with 3% BSA. Eap was detected using polyclonal anti-Eap antibodies, followed by HRP-conjugated protein G and colourimetric detection with opti4CN (Biorad).
T-cell Cytotoxicity Assay
The production of secreted cytotoxins by S. aureus strains was assessed using a T-cell cytotoxicity assay as described previously [35] .
Stability of Inserted DNA
To determine the stability of the inserted plleap DNA, S. aureus Newman was sub-cultured 10 times in BHI broth without antibiotics and the number of tetracycline resistant CFU determined. In addition, sub-cultured S. aureus was plated onto antibiotic-free TSA plates and 100 colonies picked and re-plated onto TSA plates containing tetracycline to determine the % of resistant CFU.
Purification of Eap
Native Eap was purified as described previously using a protocol that produces endotoxin-free protein [15, 26] . Eap preparations were concentrated and de-salted using centricon filters (Millipore) with a molecular weight cut-off of 10 kDa. Previous work has shown that this purification protocol does not liberate any other pro-inflammatory mediators from the surface of S. aureus [26] . The purity and identity of Eap was confirmed by SDS-PAGE and Western blot analysis as described above.
Effect of Eap on TNFa Production in Whole Human Blood
Quantification of TNFa expression in whole human blood was performed as described previously [9] . Whole human blood (1 ml aliquots) was incubated with purified native Eap at indicated concentrations. At various time points, the blood samples were centrifuged to pellet cells and plasma recovered. TNFa concentration in samples was determined using a BD OptEIA ELISA kit (BD Biosciences, San Diego, USA) according to manufacturer's instructions.
Endothelial Cell Adhesion and Invasion Assays
Bacterial adhesion to and invasion of EA. hy926 endothelial cells was performed essentially as described previously with some modifications [9] .
Endothelial cells were cultured in Dulbecco's modified Eagles' medium supplemented with foetal bovine serum (FBS, 10%) and lglutamine (2 mM) in T75 flasks at 37uC and 5% CO2. Cells were liberated from flasks using trypsin-EDTA solution (Sigma), resuspended in culture medium and aliquoted into wells of a 24- well plate containing thermanox coverslips. Once the endothelial cell monolayer was .95% confluent (as determined by microscopy) coverslips were transferred to fresh wells containing DMEM supplemented with 10% FBS. Some wells also contained recombinant human TNF (0.5-10 ng ml
21
). Cells were incubated for a further 4 hr at 37uC. Coverslips with attached endothelial cell monolayers were then dip-washed 3 times in DMEM and added to fresh wells containing DMEM 10% FBS and 10 8 S. aureus. Bacteria were incubated with the cells for 120 minutes. Coverslips that were used to determine the total number of associated CFU (adherent and internalised) were dip washed 3 times and added to fresh wells containing 250 ml trypsin-EDTA solution for 10 min at 37uC in 5% CO2 to disrupt monolayers and break up bacterial aggregates. Cells were subsequently lysed by the addition of 250 ml Triton X-100 solution. Bacterial CFU were enumerated by serial dilution of endothelial cell lysates and plating onto TSA plates. Coverslips that were used to determine the number of internalised bacteria were incubated in 500 ml DMEM containing 10% FBS, Gentamicin (200 mg ml 21 ) and lysostaphin (5 mg ml
) for 1 hr at 37uC in 5% CO 2 to kill external bacteria. Coverslips were dip-washed 3 times, incubated in trypsin-EDTA, lysed with Triton X-100 and CFU enumerated as described above.
Murine Bacteraemia Assay
Overnight cultures (200 ml) were used to inoculate CCY broth (10 ml in 50 ml flask), which were grown to OD 600 = 0.8 (37uC, 225 rpm) before harvesting of bacteria by centrifugation. Bacteria were washed, resuspended in sterile PBS to the desired infection dose and the number of bacteria present in the inoculum verified by culturing serial dilutions on TSA plates. Mice were injected intravenously with approximately 10 7 S. aureus in a volume of 500 ml. Mice were weighed daily for 7 days and weight change differences were analyzed for statistical significance using the Student's t-test. All surviving mice were euthanized at day 7 postinoculation. Criteria for determining morbidity/sickness in mice included hunched posture, decreased activity, ruffled fur and laboured breathing. All animal experiments conformed to the National Institute of Health guidelines and were approved by the Institutional Animal Care Use Committee at the Texas A&M HSC Institute of Biosciences and Technology.
